Abstract. The absolute Auger rates, relative intensities and the angular anisotropy coefficients of Auger electrons have been calculated for the KLL Auger spectra of laser-excited sodium atoms. Where in closed-shell atoms the KLL Auger lines have to be isotropic this is no longer valid for certain Auger transitions in open-shell systems. To study the KLL Auger spectra of 3s → 3p excited sodium atoms we calculated the Auger matrix elements within the multiconfigurational Dirac-Fock model using the intermediate coupling scheme for representing the atomic states. The intensities and angular distribution parameters are discussed together with theoretical predictions in the LS coupling and compared to results obtained for the sodium ground-state KLL Auger transitions. We also discuss the influence of overlapping initial fine-structure states on the Auger dynamics. Large anisotropy coefficients are predicted, even for the case of a non-resolved initial-and final-state fine structure.
Introduction
The angular distribution of Auger electrons has first been investigated experimentally by Cleff and Mehlhorn (1974a, b) . Meanwhile, a number of experimental and theoretical investigations have been done by several groups (e.g. Kämmerling et al 1990 , Hergenhahn et al 1991 , Chen 1993 ; for further references we refer to the cited papers and to the recent review by Schmidt (1992) ). Measuring the angular distribution can yield more refined information, in the sense of a complete experiment (e.g. see the book by Kessler 1985) , than can be obtained by usual cross section experiments. This is caused by the fact that the anisotropy coefficients of angular distribution yield information on the Auger matrix elements and the scattering phases.
Most of the previous investigations have been focused on the rare gases (see the reference above). The first theoretical attempt outside the rare gases was carried out by Lohmann (1992) who studied the anisotropy parameters and spin-polarization coefficients of mercury. Most recently, we investigated the angular distribution of the Auger KLL spectra of the alkali elements within an ab initio multiconfigurational Dirac-Fock (MCDF) approach (Lohmann and Fritzsche 1994 , hereafter referred to as I).
Whereas in closed-shell systems, like the rare gases, the KLL Auger spectrum has to be isotropic this no longer true for open-shell systems. This is caused by the angular momentum coupling of the valence shell electrons with the inner shell 1s-hole. As has been reported in I, large anisotropy parameters have been found for most of the Auger transitions.
Theory

General considerations
To generate laser-excited sodium atoms we may consider the following process. In a first step the valence shell s-electron is pumped by a laser into the 3p shell, γ Laser + Na(3s) → Na * (3p) .
In the second step the Auger emission process itself takes place. It can be described in the well observed two-step model (e.g. Mehlhorn 1990 ), i.e. first, the inner-shell K-hole is created, for instance by a synchrotron beam. Eventually, the Auger electron is emitted with the 3p-electron as a spectator: γ Syn + Na * (3p) → e e + Na + * (1s −1 3p)
Na + * → Na ++ * + e Auger .
Photoexcitation processes with a subsequent photoionization have been investigated theoretically by several groups (e.g. Bizau et al 1985 , Carre et al 1990 , Bizau et al 1992 , Dorn et al 1992 . In the following, we will consider the Auger process only. Generating the Auger spectrum by photoionization, then, due to the dipole approximation, the angular distribution of the Auger electrons may be written as I (θ) = I 0 4π (1 + α 2 A 20 P 2 (cos θ)) .
Due to the two-step model the anisotropy parameter can be factorized in the alignment tensor A 20 describing the ion A + , and the anisotropy coefficient α 2 which depends on the matrix elements of Auger decay.
A general expression for the coefficient α 2 in terms of matrix elements may be found in Lohmann (1990) 
Here, J and J f denote the total angular momenta of the intermediate and final ionic states, respectively. Whereas j and are total angular momentum and angular momentum of the emitted Auger electron. The total scattering phase is denoted as σ j and V is the Coulomb operator.
The Auger rates and the relative intensities, respectively, are proportional to the squared matrix elements:
Here, |k| denotes the absolute value of the wavevector of the outgoing Auger electron. The energies, the relative intensities, and the angular distribution anisotropy parameter α 2 have been calculated in this work.
Angular anisotropy of KLL lines in the LS coupling
In studying the Auger dynamics it is often useful to consider the LS-coupling limit which may allow for further insights and predictions without using large computer codes. Furthermore, for light elements, like sodium, LS coupling can be expected to be a relatively good approximation. Thus, predictions within the LS-coupling scheme can be assumed to be close to our more sophisticated MCDF results. We will discuss this point further in section 4.
General expressions for the parameter α LS 2 may be found in Klar (1980) or Kabachnik et al (1988) . In both papers, however, the discussion has been restricted to the case of the rare gases. Using the same formalism as in equation (5) we obtain
where L, S and L f , S f denote orbital and spin angular momentum of the initial and final state, respectively. Note that the scattering phase depends only on the angular momentum in the above equation and not on the total angular momentum j as in equation (5). For the LS-coupling intensities we obtain
Considering the possible initial states of the singly ionized laser-excited sodium atom we have a single p-electron in the open shell which can couple with the K-hole in two ways, i.e. a 3 P 0,1,2 and a 1 P 1 state (we are using the LSJ notation for the designation of the states; see section 4.1 for further explanations). As we can see, even with equation (5) no anisotropy can be generated from the 3 P 0 state. Although it is somewhat tedious, it is possible to investigate the other triplet states. However, in this work the KLL Auger transitions from the 1 P 1 initial state is investigated with particular reference to the anisotropy parameter α 2 .
First the more general case of any singlet state is considered. Inserting S = 0 into equation (8) the 9j -symbols reduce to 6j -symbols, and the triangular relations of the 9j -symbols yield S f = 1 2
. Thus, as a general result we obtain
for any singlet Auger transitions to a final quartet state. Only the possible doublet states are allowed in the extreme LS-coupling limit. By inserting S = 0 into equation (7), reducing the 9j -symbols and applying some lengthy but straightforward angular momentum algebra the anisotropy parameter may be expressed as
The above equation gives two important results for Auger transitions from an initial singlet state. First, only anisotropy parameters to a final doublet state can have a non-vanishing angular anisotropy. This is in accordance with the result of (9), which forbids transitions to quartet states. Secondly, the above equation is independent of the total angular momentum J f of the final state, i.e. the anisotropy parameter α (LS) 2 has a constant value for any fine structure state of a given final state multiplet. This is discussed in section 4.4.1.
We now consider the initial 1 P 1 state, and insert L = J = 1 into the above equation. Applying parity conservation and the usual angular momentum coupling rules to the partial waves there are three possibilities (the parity is denoted by π ):
Only in the latter case is the anisotropy coefficient still dependent on its matrix elements. This is caused directly by parity conservation and can be seen in analogy to the so-called normal and anomalous parity transitions introduced by Kabachnik and Sazhina (1984) .
Inserting the quantum numbers for the first case we obtain
for the anisotropy parameter. The anisotropy coefficient for the second case can easily be obtained from equation (10) by inserting L f = 0. The anisotropy parameters for the possible Auger transitions for the two cases are listed in table 1. for the 1 P 1 → 2 L f J f KLL Auger transitions in extreme LS coupling. The data are independent of the Auger energy, the nuclear charge of the atom, and of the fine structure of the final states. An odd parity of the states is denoted by an o superscript.
Further, if we sum over the final-state fine structure in (7) we obtain
Inserting S = 0 in the above equation yields equation (10) again. This equation has already been found to be independent of the final-state fine structure.
Theory for an unresolved resonance
The fine structure of the resonantly excited, singly ionized intermediate state can often be hardly resolved. For some Auger transitions this is due to the fact that the fine-structure splitting of the states is smaller than their natural linewidths. Therefore a coherent excitation takes place. Such effects have been first investigated by Mehlhorn and Taulbjerg (1980) and recently by Kabachnik et al (1994) . Assuming a spin-independent primary ionization process and the target atoms to be randomly oriented, then for an unresolved multiplet M(LS) of the singly ionized intermediate state the angular distribution of the Auger electrons may be written as (Kabachnik et al 1994) 
A 20 (L)P 2 (cos θ) .
Though the anisotropy parameter can still be factorized, the alignment tensor A 20 (L) now depends on the angular momentum L only, and the anisotropy coefficient α M→J f 2 can be written as a coherent sum over the total angular momentum J
where ω J J = E J − E J is the energy splitting, J J = ( J + J )/2, and J is the total width of the level J , and
The relative intensity is proportional to N
is the partial width. Note, that our equations (14) and (16) differ from those by Kabachnik et al (1994) by a factor of √ 2L + 1. This is, because otherwise one would obtain different relative intensities for a singlet state by using either equations (6) or (16).
Note, that the initial 1 P 1 state of the sodium spectra can be used as a test case. Inserting J = L = 1 and S = 0 into equations (14)- (16) one ends up with equation (5) again.
Model of the calculation
Details of our calculational scheme have been outlined in detail in our previous work (I). Therefore, we summarize only a few essential facts here. The Auger transition matrix elements are calculated with multiconfigurational Dirac-Fock (MCDF) wavefunctions. In the MCDF model an atomic state is represented by a linear combination of configuration state functions (CSF)
The configuration states |γ r P J M are constructed from antisymmetrized products of standard Dirac orbitals. The label γ r distinguishes the occupation of the different subshells and angular coupling schemes (see Grant et al 1980 for further details) . n c is the number of CSF included in the expansion and c r (α) r = 1, . . . , n c are the configuration mixing coefficients for the state α.
To generate the initial and final ionic bound states we used the atomic structure package GRASP † of Dyall et al (1989) . In this code the radial orbitals are generated self-consistently with respect to the Dirac-Coulomb Hamiltonian. In the standard MCDF scheme the transverse Breit interaction and the main radiative corrections are added to the Hamiltonian matrix as † A recent unpublished version of this structure code (Parpia and Grant 1992) which was used in the present calculations is referred to as GRASP 2 . a perturbation. The final diagonalization of the Dirac-Coulomb-Breit Hamiltonian gives the representation of the atomic states, i.e. the mixing coefficients c r (α) in equation (17).
The multiconfigurational computer code GRASP has recently been extended for the calculation of autoionization amplitudes and phases of the emitted electrons (Fritzsche 1992) . Our program RATR (relativistic Auger transition rates) was developed in the context of scattering theory (cf Aberg and Howat 1982) and has been used for the numerical integration of the continuum orbitals and the scattering phases in this work.
The continuum spinors in the construction of the final scattering states are generated by solving the Dirac-Fock equations for the emitted electron in the stationary field of the doubly ionized ion:
Here we have used the notation of Dyall et al (1989) with a < 0 for a free electron. In this coupled set of inhomogeneous differential equations Y a (r) denotes the direct potential. The right-hand side functions ξ (P ) a (r) and ξ (Q) a (r) of the equations contain terms for the exchange interaction between the continuum electron and the remaining bound-state electrons and may also contain Lagrange terms to ensure orthogonality. We did not apply Lagrange multipliers but orthogonalized the continuum spinors with respect to the orbital functions of the initial state to simplify the evaluation of the Auger matrix elements. The explicit expressions for these potentials may be found for instance in the paper by Dyall and co-workers. To obtain the normalization and the phase of the continuum spinors we adapted a WKB method of Ong and Russek (1978) .
For the initial state, the four resonantly excited [1s −1 3p] (J = 0, 1, 2) states of the laser-excited sodium KLL spectra have been included in our calculation. Virtual excitations of the 3p electron into CSF of the same symmetry (J = 0, 1, 2) and odd parity were not included.
For the '1s 2 2s 0 2p 6 3s 0 3p', '1s 2 2s2p 5 3s 0 3p', and '1s 2 2s 2 2p 4 3s 0 3p' final states all CSF from the KLL spectra have been taken into account. The coupling of the two L-holes with the outer p-electron results in 18 CSF of even and 23 CSF of odd parity, i.e. a total of 41 CSF have been considered. We obtained the mixing coefficients between CSF of the same symmetry in the average-level scheme (Dyall et al 1989) . For the evaluation of the Auger amplitudes we used the bound orbitals of the initial resonant state and the continuum orbital as described above.
By obtaining the continuum and the bound-state wavefunctions the Auger transition matrix elements can be evaluated. By applying equations (6) and (5) the intensities and anisotropy parameters are easily obtained where the first have been normalized to the total rates. Note, that the calculation of α 2 requires an explicit knowledge of the scattering phase. For the case of an unresolved resonance the intensities and anisotropy parameters are obtained by using equations (14)- (16).
All calculations have been performed using a HP 730 workstation. Calculational runtimes are usually between 30 and 1200 CPU time.
Results and discussion
As pointed out in I, Auger spectra of open-shell systems are often complex and cause a great deal of difficulties in their interpretation compared to the closed-shell atoms (i.e. mainly to the spectra of the rare gases). Even for atoms with a simple shell structure the number of possible decay lines increases enormously often showing a rather small fine-structure splitting. This complicates the experimental identification of the Auger lines. Therefore, the fine-structure splitting has not been properly resolved in most of the previous experiments. The most recent experimental data for laser-pumped sodium are by Bizau et al (1992) who applied high-resolution techniques. However, a clear resolution of the fine structure has not yet been obtained for most of the Auger lines. Our work will therefore provide a series of consistent data which might initiate further investigations in this field.
The experiments so far reported by Bizau et al (1992) involve different processes to those discussed in this work. Studies involving Na 3s → 3p excited atoms should become possible within the near future (Wuilleumier et al 1995) .
Designation of states
Although all our calculations have been performed in an intermediate coupling scheme we will designate the individual Auger transitions in the LSJ notation. This scheme has been used to classify most of the available data in the literature. Furthermore, sodium is a relatively light atom, i.e. LS coupling can still be assumed as a good approximation. To denote the various final states in our calculation beyond their total angular momentum and parity we used their main contribution in the configuration expansion of the wavefunctions and their sequence of total energies. In our discussion we consider the KLL Auger lines following a resonant excitation of the four possible [1s 3 P)3p type are forbidden in extreme LS coupling, because the selection rule L = 0 cannot be fulfilled without parity violation (e.g. see the book by Chattarji 1976) . However, the comparison with experimental data is not without problems since most experiments have not fully resolved the fine structure of the final states.
Auger transition energies
The initial and final ionic bound states are generated by using the GRASP atomic structure package. Beyond the Coulomb interaction in the self-consistent-field procedure, these calculations include the transverse Breit interaction as well as estimates of the main QED corrections as perturbations. In this approximation, we obtain an energy splitting of the resonantly excited [1s −1 3p] 3 P 0,1,2 triplet states of E( 3 P 0 -3 P 1 ) = 0.83 × 10 −4 au and E( 3 P 0 -3 P 2 ) = 3.73 × 10 −4 au which can hardly be resolved within an experiment. On the other hand, the [1s −1 3p] 1 P 1 singlet state with E( 3 P 0 -1 P 1 ) = 60.6 × 10 −4 au is comparatively well separated from the triplet levels. The total decay rate of all four levels shows an almost constant value of ∼ 94.9 × 10 −4 au (see also the next section). Thus, it is almost impossible to resolve the fine-structure levels of the triplet state. Even the separation of the singlet from the triplet state requires highly advanced experimental effort. From the independent computations for the initial-and final-state configurations the Auger energies are obtained as differences of the total energies
The Auger transition energies are given in atomic units (au) and are included in table 2 for all calculated transitions. Note, that the transition energies are given with respect to the lowest-lying 3 P 0 level of the initial-state multiplet. In sodium, unfortunately, experimental Auger energies are rare to compare with theory.
Comparing the Auger energies of the laser-excited sodium KLL transitions with the ground-state transitions obtained in I shows a generally small shift towards lower energies, usually not exceeding 1 eV.
Auger rates and relative intensities
4.3.1. Structure of the spectrum. The absolute Auger rates and relative intensities have been calculated by applying equation (6) for all transitions between the four initial and the allowed final states. The relative intensities of the Auger lines for excited sodium are shown in table 2. The total decay rates for the initial 1 P 1 and 3 P J states where each correspond to 100% intensity are also given at the bottom of the table. They are approximately equal, ∼ 94.92×10 −4 au, confirming the small contribution of correlation and relativistic effects to the total decay widths. Correlation effects mainly concern the re-distribution of the partial decay rates. They might become further important if the number of CSF is increased, e.g. if CSF of excited states like 2s 2 2p 3 nd(ns) are included. This is, however, beyond the scope of the present work.
Concerning the validity of our results it is worth considering the special case of extreme LS coupling. Since sodium is a relatively light atom, predictions in the LS-coupling limit should be close to our calculations. The KL 2,3 L 2,3 ( 3 P)3p 2 S 1/2 , 2 P 1/2,3/2 and 2 D 3/2,5/2 and the 4 S 3/2 , 4 P 1/2,3/2,5/2 , and 4 D 1/2,3/2,5/2,7/2 Auger transitions are strongly forbidden in LS coupling (for further explanation we refer again to Chattarji (1976) ). We therefore expect an Auger rate which is almost zero in sodium. This is confirmed by our results, except for the KL 2,3 L 2,3 ( 3 P)3p 2 P 1/2,3/2 transitions which we explain by a relatively strong mixing with the final KL 2,3 L 2,3 ( 1 S)3p and KL 2,3 L 2,3 (
states. From the prediction of equation (9) in the LS-coupling limit we also expect vanishing Auger rates for the KL 1 L 2,3 ( 3 P)3p ( 1 P 1 → 4 L f J f ) quartet state transitions. This is confirmed by our calculations as can be seen from table 2(b). The KL 1 L 2,3 ( 3 P)3p
Approximately 65% of the intensity of the spectrum is covered by the KL 2,3 L 2,3 ( 1 D)3p
) doublet Auger lines which can be identified to stem from the well known sodium D-doublet. Another 7.5% and 4.5% is contributed from the KL 2,3 L 2,3 ( 1 S)3p and KL 1 L 1 ( 1 S)3p 2 P o 1/2,3/2 doublet lines, respectively, i.e. ∼77% of the total intensity of the spectrum is caused by Auger decay to final states with odd parity, ∼17% arises from Auger decay to the even parity KL 1 L 2,3 ( 1 P)3p 2 L f J f doublet Auger lines. Altogether these transitions cover ∼94% of the total Auger rate. The remaining percentage stems from the weaker allowed KL 1 L 2,3 ( 3 P)3p and KL 2,3 L 2,3 ( 3 P)3p Auger lines. Here, the 2% contribution from the LS-forbidden KL 2,3 L 2,3 ( 3 P)3p 2 P 1/2,3/2 Auger transitions should be noted. Finally, we point out that the absolute total rates of the spectrum turn out to be independent of the initial fine structure state. Further, considering extreme LS-coupling and averaging over the possible initial triplet states, the ratio R of the intensities should be R = 1 P 1 :
3 J P J = 1 : 3. This result is well reproduced by our calculations. Hillig et al (1974) .
Comparison with the 1s
For comparison with experimental data obtained for the diagram Na KLL Auger lines we only discuss the data by Hillig et al (1974) . As pointed out in I these are the most reliable ones; further references may be found in (I). We find the intensities for the KL 1 L 1 and KL 1 L 2,3 group reduced by ∼20% whereas the group intensity for the KL 2,3 L 2,3 Auger transitions has increased by the same amount.
Angular distribution-anisotropy coefficients α 2
Since so far there are no experimental data available, we take the following discussion as support and guidance for forthcoming experiments. Generally, in KLL Auger transitions, a non-vanishing anisotropy parameter α 2 can only occur due to the coupling of the angular momenta of the inner-shell vacancy and the outer open-shell electrons. In the case considered of excited singly ionized sodium we have one p-electron in the outer shell which couples with the inner-shell 1s-hole in two different ways, i.e. by generating either a 3 P 0,1,2 or a 1 P 1 state. The 3 P 0 state is of no interest because no alignment can be produced during the ionization process and thus, no anisotropic angular distribution can occur. As can be seen from equation (5) the anisotropy parameter α 2 vanishes in this case. However, if the resonant initial state has a total angular momentum J = 1 or J = 2 both a non-zero alignment A 20 and an anisotropy coefficient α 2 = 0 are allowed. In our recent publication (I) a non-zero alignment A 20 = 0 for KLL Auger transitions was only possible in a full relativistic treatment. For a primary photoionization, in contrast, by neglecting the spin-orbit interac-tion in the generation of the photoelectron spectrum, and following the work of Bussert and Klar (1980) , one can expect a non-zero alignment even in a non-relativistic description for the 3 P 1,2 and 1 P 1 states. Our numerical results for the anisotropy parameter α 2 are shown in table 3 for the 3 P 1,2 and 1 P 1 initial states. Note, that though we calculated large anisotropy coefficients for most of the low intensity KL 2,3 L 2,3 ( 3 P)3p Auger transitions their discussion is useless since they can hardly be measured in any experiment. Therefore, we have only listed those anisotropy parameters where a non-zero (i.e. at least > 10 −5 au) intensity has been calculated.
LS-coupling predictions.
For the interpretation of our data it is useful to investigate the α 2 -parameters in the LS-coupling limit, too. As has been discussed in section 2, in pure LS coupling, some of the 1 P 1 KLL Auger transitions are independent of the Auger matrix elements. In more detail, these are the Auger transitions to the even parity 2 S 1/2 and 2 P 1/2,3/2 , and to the odd parity 2 D o 3/2,5/2 final states †. Comparing our numerical data with the extreme LS-coupling results of table 1 we find good agreement.
Furthermore, as a result of equation (10) any anisotropy coefficients for Auger transitions from an initial singlet state should be independent of the final state fine structure, e.g. the α 2 -parameter should be the same for the KL 1 L 2,3 1 P 1 → 2 D 3/2 or 1 P 1 → 2 D 5/2 Auger transitions, respectively. This has been confirmed by our calculations for almost all possible final doublet states of the laser-excited sodium spectra. Deviations occurring for the KL 1 L 2,3 ( 3 P)3p 2 P 1/2,3/2 and 2 D 3/2,5/2 fine structure-doublets, however, demonstrate that though the LS-coupling limit allows for good predictions for most of the relevant data of the sodium Auger spectra (see also I), a relativistic MCDF approach with intermediate coupling can yield totally different results, mainly for the low intensity lines, and where coupling to other fine structure-states becomes important.
Equation (10) also shows that all anisotropy parameters for 1 P 1 to final quartet state transitions should vanish in the LS-coupling limit. Though we calculated large anisotropy coefficients for these Auger transitions their further discussion is useless since we found them to be strongly forbidden in the LS coupling which has been confirmed by our calculations (see section 4.3).
However, one should remember that where the KL 2,3 L 2,3 ( 3 P)3p quartet final-state Auger transitions are generally forbidden in the LS coupling by parity violation even for Auger transitions from the initial triplet state, the KL 1 L 2,3 ( 3 P)3p 3 P to final quartet state transitions are allowed. Their numbers have been therefore included in the tables.
Anisotropy parameters for an unresolved resonance.
As has been discussed in section 4.2, the fine structure-splitting of the initial 3 P 0,1,2 states is of the same order or even less than their partial widths. Thus, the 3 P fine structure states can be assumed as coherently excited by the primary photoionization process. Therefore, considering a possible experiment measuring the anisotropy coefficients of laser-excited sodium, the equations of section 2.3 apply. We have calculated the anisotropy parameter α M→J f 2 for the unresolved initial 1 P and 3 P state multiplets for some of the Auger lines covering most of the total intensity of the excited sodium KLL spectra. These data are listed in table 5. We used the α 2 -parameters of the Auger transitions of the 1 P initial state to test our calculations, since they have to be identical to our numbers obtained for the resolved fine-structure calculation for the 1 P 1 state which is confirmed by our results. † Note, that, for example, the final 2 P o 1/2,3/2 odd or the 2 D 3/2,5/2 even parity states do depend on the Auger matrix elements. The relative intensities of the 3 P to final state Auger transitions have also been given in table 5. Even though the total decay rate is approximately constant for the initial states, strong deviations occur between the individual decay channels. In table 5 we show the anisotropy coefficients α 2 in different schemes of excitation. To demonstrate the effect of a coherent excitation, we also include the values for the anisotropy parameters averaged over the initial 3 P state fine structure. Large deviations between both numbers indicate a strong modification of the anisotropy of the individual contributions due to a coherent excitation. Comparing the data of both calculations for the initial triplet state large differences have been found. Changes by factors of 2 up to 10 and even reversal of sign occur. Our results confirm the investigations by Kabachnik et al (1994) who studied the angular anisotropy of the Ne KL-LLL satellite Auger decay. They also found their data strongly influenced by coherence effects in the initial state.
As an important result of this section we want to point out that though the fine structure of the initial state has not been resolved one still has large anisotropy parameters even for Auger lines with a relatively high, i.e. measurable, intensity. Finally, even by summing over the fine structure of the final-state multiplet one still has a measurable anisotropy parameter. These numbers have also been included in 
Comparison with the diagram lines.
As already pointed out in section 4.3 a comparison with our previous calculation is not without problems. However, by closely inspecting tables 4 and 8 of I we find a totally different behaviour of the anisotropy parameter for the laser-excited and ground-state Na KLL Auger transitions, respectively. Whereas in I the most intense Auger lines, i.e. Auger transitions to the 2s2p 5 ( 1 P)3s and 2s 2 2p 4 ( 1 D)3s final states, show an almost vanishing anisotropy we find large anisotropy parameters (i.e. at least a magnitude larger) for their counterparts in the laser-excited sodium case. This effect can be explained within the following picture.
Remembering that sodium is a light atom, LS coupling can be seen as a relatively good approximation. Using our LS-coupling results for the anisotropy parameter, i.e. equation (9) of I, we get α 2 = 0 for all Auger transitions to final doublet states. Thus, in our previous calculations the anisotropy parameters for Auger transitions to the final 2s2p 5 ( 1 P)3s and 2s 2 2p 4 ( 1 D)3s states have been found to be of almost vanishing magnitude, even within our MCDF approach.
In contrast, for the laser-excited case, even in the non-relativistic limit, the anisotropy parameter α 2 can be generally non-zero for Auger transitions to final doublet states (see e.g. equations (7) and (11)). Due to this behaviour, we find large anisotropy coefficients in our calculations for the 2s2p 5 ( 1 P)3p and 2s 2 2p 4 ( 1 D)3p final state transitions, respectively. The effect is caused directly by the fact that for the laser-excited sodium KLL spectrum non-zero anisotropy parameters can occur for certain Auger transitions in the non-relativistic limit which has been found as forbidden for the case of the sodium KLL ground-state Auger transitions.
Summary and conclusion
We calculated the Auger energies, intensities and anisotropy coefficients of the resonantly excited KLL Auger spectra of sodium in the MCDF model (see I). There are no experimental data for the considered spectra, so far. However, nowadays high-resolution experimental techniques do allow for such experiments. In contrast to our recent paper (I) the excited outer p-electron allows for a non-zero alignment even in a nonrelativistic picture. Whereas in I a successful angular distribution experiment was limited by the necessity of a resolved final-state fine structure, the present work clearly points out that a measurable anisotropy still remains for an unresolved final-state fine structure.
In this work, we have also demonstrated that an overlapping coherently excited initial state still leads to large anisotropy parameters. The comparison with the averaged initial state values of the anisotropy parameter showed strong deviations clearly indicating the existence of strong coherence effects during the primary ionization/excitation process. This also shows the necessity of describing the initial state excitation within the picture of an unresolved resonance.
Large anisotropy parameters can be predicted for such types of experiments even in conjunction with high intensity Auger lines. The comparison with our previously obtained results has shown that this is contrary to the case of the KLL sodium ground-state Auger transitions.
